The effects of elevated ozone (1.4× ambient) and temperature (ambient +1.3 °C) alone and in combination were studied on the needle cell structure of soil-grown Norway spruce seedlings in the late growing season and winter. Temperature treatment continued over winter and lengthened the snow-free period. Elevated temperature caused microscopic changes related to photosynthesis (decreased chloroplast size and increased number), carbon storage (reduced starch and increased cytoplasmic lipids) and defence (decreased mitochondrial size and proportion per cytoplasm, increased peroxisomes and plastoglobuli, altered appearance of tannins). The results suggest increased oxidative stress by elevated temperature and altered allocation of limited carbon reserve to defence. The number of peroxisomes and plastoglobuli remained high in the outer cells of needles of ozone-exposed seedlings but decreased in the inner cells. This may indicate defence allocation to cells close to the stomata and surface, which are experiencing more oxidative stress. Ozone reduced winter hardiness based on seasonal changes in chloroplast shape and location in the cells. The effects of ozone became evident at the end of the growing season, indicating the effect of cumulative ozone dose or that the seedlings were vulnerable to ozone at the later phases of winter hardening. Elevated temperature increased cellular damage in early winter and visible damage in spring, and the damage was enhanced by ozone. In conclusion, the study suggests that modest air temperature elevation increases stress at the cell structural level in spruce seedlings and is enhanced by low ozone elevation. Future climatic conditions where snow cover is formed later or is lacking but temperatures are low can increase the risk of severe seedling damage, and current and future predicted ozone concentrations increase this risk.
Introduction
Norway spruce (Picea abies L. Karst.), a widely distributed and economically important coniferous tree species growing in North Europe and the mountainous areas of Central Europe, is currently experiencing global environmental change. The average global air temperature increased by 0.85 °C during the period 1880 (IPCC 2013 . Depending on the scenario, air temperatures are estimated to be 0.4-2.6 °C higher in the middle of this century compared with the 1986-2005 situation (IPCC 2013) . Temperature increase will be more marked in the northern hemisphere. Since preindustrial times background concentrations of ozone have more than doubled to reach global annual means of 20-45 ppb in the early 2000s, and are estimated to increase during this century reaching 35-48 ppb by 2040 (Vingarzan 2004) . The more optimistic scenarios
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suggest that ozone concentrations would increase by only a few parts per billion between 2000 and 2050 in the boreal zone (The Royal Society 2008) where Norway spruce grows.
Ozone is an oxidant that at the present ambient concentrations can reduce the photosynthetic capacity and growth of forest trees (Wittig et al. 2009 , Ainsworth et al. 2012 ) and cause visible and cellular damage in the foliage (Kivimäenpää et al. 2005, Günthardt-Goerg and Vollenweider 2007) . Microscopy is a sensitive method that can be used to localize the impact of various stresses at the tissue and organelle level, and to reveal the effect long before any visible injuries or growth reductions occur (Holopainen et al. 1992) , and the method has been applied in biomonitoring forest health (Kukkola et al. 1997 , Sutinen et al. 1998 , Kivimäenpää et al. 2004 .
The effects of chronic ozone stress on the cell structure of Norway spruce are well established (Kivimäenpää et al. 2005) . First effects are seen in the photosynthetic mesophyll tissue as proliferation of peroxisomes and mitochondria. Then chloroplasts decrease in size and the stroma becomes darker and granulated. In long-term chronic exposure, starch finally decreases. The changes, particularly in chloroplasts, are most intensive in the outer mesophyll cells and at the sun-exposed side of the needle.
Field studies with moderate warming of Norway spruce under boreal conditions are relatively few. Elevated temperature (+1.3 °C by infrared (IR) heaters) advanced bud burst, reduced net photosynthesis, stomatal conductance and respiration, altered the chemical quality of needles of fully elongated shoots and reduced stem diameter growth, but did not affect the seedling height growth of the soil-grown spruce seedlings of the present study , Kivimäenpää et al. 2013 . Warming by IR heaters (target +2 °C) increased the root : shoot ratio and altered the secondary chemistry of pot-grown spruce seedlings (Virjamo et al. 2014) . Experiments with mature spruce (approximately + 3-6 °C temperature elevation by whole-tree chambers) showed advanced bud burst (Slaney et al. 2007 ) and increased net assimilation rate of elongating shoots (Hall et al. 2009 ). As far as we know, the effects of elevated temperature on the fine structure of needles of Norway spruce seedlings have only been studied by Sallas et al. (2003) . Their laboratory chamber study showed that 4 °C temperature elevation increased cytoplasmic lipid bodies in the mesophyll of needles. The interaction of ozone and warming on the cell structure of Norway spruce is not known.
As an evergreen species, Norway spruce undergoes hardening and dehardening processes which involve biochemical and physiological changes that are related to the freezing tolerance. At the phenological level, the full freezing tolerance is preceded by growth cessation and bud set (Way 2011) . At the cell structural level, hardening includes increase of cytoplasmic lipid globules, decrease of starch grains, increase of ribosomes in vesiculated cytoplasm, movement of chloroplasts away from the proximity of the cell walls and clumping together, accompanied by a change from lens-shaped to irregularly shaped chloroplasts (Soikkeli 1978) . Seasonal changes in chloroplast shape and position have been used to evaluate needle hardening status by calculating needle hardiness index (Jönsson et al. 2001) .
Both elevated temperature and elevated ozone may alter winter hardening processes. Ozone has been shown to delay winter hardening, measured by freezing tests (Lucas et al. 1988) , and to cause visible needle injuries during post-freezing recovery (Barnes and Davison 1988) in spruce seedlings. Our previous study using the same seedlings as in this study also showed that moderate ozone elevation under open-field conditions tended to reduce the freezing tolerance of Norway spruce needles when 50% lethality (LT 50 ) was determined in freezing tests in September . The effect of warming on growth cessation, dormancy and freezing tolerance and, consequently, plant responses to winter and springtime frost seem to vary between species and latitude (Way 2011) . Advanced shoot growth termination of both mature (Slaney et al. 2007 ) and young , seedlings of this study) Norway spruce might improve the freezing tolerance of this species in autumn.
The aim of this study was to reveal how elevated temperature affects the mesophyll cell structure of Norway spruce, and whether temperature modifies the ozone responses, or vice versa, during the late growing season, in autumn at the phase of winter hardening and in winter. Since LT 50 was determined only once , winter hardiness was determined on two other occasions by a microscopic method. The study concentrated on the structure of mesophyll tissue due to its importance in primary metabolism. The parameters chosen were used in biomonitoring at the forest level (e.g., Soikkeli and Tuovinen 1979 , Sutinen and Koivisto 1995 , Jönsson et al. 2001 , and are known to be affected by elevated ozone in spruce needles (Kivimäenpää et al. 2005) and by moderately elevated temperature in silver birch (Betula pendula) (K. Hartikainen, M. Kivimäenpää, A.-M. Nerg, M. Mäenpää, E. Oksanen, M. Rousi, T. Holopainen, unpublished) . Among the anatomical parameters, only needle cross-section area and cell wall thickness that could be affected after bud burst were studied (cf. Virjamo et al. 2014) . To better understand the physiological significance of the changes, the results were compared with previously published physiological and metabolome data ). In addition, visible damage of the seedlings was studied in the following spring and summer, but cell structural analysis was excluded due to extensive needle browning.
from Riikonen et al. (2012) and Kivimäenpää et al. (2013) . Three-year-old seedlings of Norway spruce (P. abies) were exposed to elevated ozone (from 9 June to 30 September) and elevated temperature (from 8 June onwards) in an open-field exposure at the University of Kuopio (University of Eastern Finland, UEF, after 1 January 2010), in an experimental area in central Finland (62°53′N, 27°37′E, 80 m above sea level) in 2009. This study concentrates on 2009 and spring 2010, but the experiment continued until 17 September 2010. The experimental area consisted of four EO plots and four ambient ozone plots (serving as controls) with one IR heater and one ambient temperature subplot (190 × 140 cm) at the centre of each circular plot (ø10 m). The experimental design was a completely randomized split-plot design. The following abbreviations are used to denote the treatments: AOAT, AOET, EOAT and EOET, with AT ambient temperature, ET elevated temperature, AO ambient ozone and EO elevated ozone.
On 1 June 2009, spruce seedlings were planted in the subplots in a 2 : 1 mixture of soil and sand which was fertilized with 4 kg m −3 of Peatcare Slow Release 1 (N : P : K 9 : 3.5 : 5, Yara, Harjavalta, Finland). The amount of nitrogen (N) was estimated to be 42.6 kg N ha −1 year −1 . Seedlings were always kept well-watered to avoid the drought effect under the IR heaters (De Boeck and Nijs 2011) . Each subplot had 24 experimental seedlings and 22 additional seedlings at the edges of the plot to give uniform conditions for shading and root competition. The bud burst occurred at the time of the beginning of the exposures.
Ozone was generated from pure oxygen with an ozone generator and released into the EO treatment plots through vertical perforated tubes. The ozone fumigation was run 14 h per day (8:00-22:00), 7 days a week between 9 June and 30 September, except during rain or very high or low wind velocities, or if the ambient ozone concentration was <10 ppb. Ozone concentrations were constantly monitored at a height of 1.5 m from the centre of each plot. Average ozone elevation was 1.4× ambient concentration and accumulated exposure over a threshold of 40 ppb (AOT40, Mills et al. 2010) between 9 June and 30 September was 4.708 ppm.h in EO and 0.136 ppm.h in AO (Figure 1) .
Warming treatment (24 h day −1 ) was realized with IR heaters. One heater was installed at a height of 70 cm above the canopy in the middle of each ET subplot. In the middle of each AT subplot, a wooden bar of the same size, shape and colour as the IR heaters was similarly installed above the canopy to provide the same shading conditions as in the ET subplots. Each subplot was continuously monitored for air temperature within the canopy and soil temperature at a depth of 5 cm. The average daily air temperature elevation to ambient was 1.3 °C, and that of soil temperature was 3.3 °C, except in very cold periods during January-March when the air temperature of ET plots was a maximum of 5 °C colder and soil temperature was a maximum of 6 °C colder than AT (Figure 2 ) due to the absence of the insulating effect of snow cover under the IR heaters.
Microscopy
Samples for light microscopy (LM) and transmission electron microscopy (TEM) were collected three times in 2009: on 19 August from one seedling per subplot (24 seedlings in total), and on 21 September and 14 December from two seedlings per subplot (48 seedlings in total). Sampling always took place around midday, when ambient air temperatures were ~20 °C (August), 14 °C (September) and −12 °C (December). The sampling day in December was the coldest so far (Figure 2 ). On that day, soil and lower parts of the seedlings were snow covered in AT subplots, while soil of ET subplots was covered with frost and seedlings were free of snow. All the needles were fully matured (cf. Sutinen et al. 2006 ) and green during all samplings. Five current-year needles from the upper side of Impact of ozone and warming on spruce needle structure 391 different shoots from the uppermost whorl were detached and 1.5-mm-long segments were cut from the middle of the needle under cold fixative containing 1.5% glutaraldehyde, 1.5% paraformaldehyde, 0.15 M sucrose and 2 mM CaCl 2 in cacodylate buffer (pH 7.2). Cell solute concentration increases as winter hardening proceeds in needles; thus molarity of the buffer was adjusted according to season, 0.05 M August, 0.075 M September and 0.1 M December, to avoid fixation artefacts (Soikkeli 1980) . Samples were kept in cold fixative overnight, post-fixed in 1% buffered osmium tetroxide, dehydrated in increasing ethanol series, treated with propylene oxide and embedded in Ladd's epon. Semi-thin (1.5 µm) sections for LM and thin sections for TEM were prepared for two needles per seedling, and LM samples were stained with toluidine blue and p-phenylene diamine (Kivimäenpää et al. 2010) . To confirm that toluidine blue and p-phenylene diamine stain tannins, a parallel set of samples was prepared to indicate tannins specifically by 2% ferrous sulphate (Jensen 1962) . Needle sections were placed in 2% ferrous sulphate in 10% formalin for 24 h at room temperature, dehydrated with increasing ethanol series, embedded in epon and sectioned with a microtome for LM (see Figure  S1 available as Supplementary Data at Tree Physiology Online).
Light microscopy samples were studied under a light microscope (Leica DM2500, Wetzlar, Germany) and photographed with a digital camera (Leica CD camera, Heerbrugg, Switzerland) at ×10, ×20 and ×40 objective magnifications. Needle crosssection area and ~90% of mesophyll tissue were determined for proportions of cells with large (greater than ~10 µm 2 , i.e., larger than chloroplasts) lipid bodies and cytoplasmic vacuoles, different appearances of tannins, different cytoplasm and cell condition classes and intercellular space from LM figures with the tools of ImageJ 1.43u, as described, e.g., by Kivimäenpää et al. (2010) . Appearance of tannins in the mesophyll cells was categorized as follows: Tannin 1-lightly and evenly stained, filling the whole vacuole, Tannin 2-lightly stained and granular, filling the whole vacuole, Tannin 3-intensively stained, sometimes having a 'wavy' appearance, filling the whole vacuole, Tannin 4-intensively stained, netlike or porous, filling the whole vacuole, Tannin 5-sparse-looking with small (<1 µm) granules, Tannin 6-numerous larger (>2 µm) globules, Tannin 7-the same as Tannin 6, but some of the globules were agglomerated, Tannin 8-one or a few large (typically 5-20 µm) spherical globules, Tannin 9-a dense, irregular lump in the centre of the vacuole, Tannin 10-condensed against the tonoplast, often ribbon-like, Tannin 11-intensively stained, filling the vacuole and penetrating the cytoplasm of dead cells. In the case of cells with two types of tannin, the dominating type was selected. The condition of the cytoplasm and cells was categorized as follows: (i) a healthy-looking cell with light cytoplasm; (ii) cytoplasm dark, but chloroplasts discernible, shape of the cell unaltered; (iii) black, condensed cytoplasm where the chloroplasts were not discernible, shape of the cell unaltered; (iv) chloroplasts were visible in disintegrated cytoplasm, shape of the cell unaltered; and (v) collapsed cell with either condensed or disintegrated cytoplasm, altered cell shape. Results from the condition of the cytoplasm and cells were excluded in August, due to a higher risk of fixation artefacts during the metabolically active season (Kivimäenpää et al. 2005) .
Transmission electron microscopy samples were studied using a JEOL JEM2100F (Tokyo, Japan) operating at 200 kV. One mesophyll cell close to the epidermis (referred to as an outer cell hereafter) and endodermis (inner cell hereafter) from the abaxial side of the needle was digitally photographed (Quemesa, Olympus-SIS GmbH, Münster, Germany) with ×1500 magnification. Transmission electron microscopy images typically included half of a mesophyll cell showing the cell wall, vacuole and on average 390 µm 2 cytoplasm including chloroplasts, peroxisomes and mitochondria, and also intercellular space around the cell. Furthermore, one average-sized chloroplast was photographed at ×5000 magnification for plastoglobuli and chloroplast vesicle analyses. The following quantitative parameters were determined: number of peroxisomes and chloroplasts per 100 µm 2 cytoplasm, average sizes of peroxisomes, mitochondria and chloroplasts, proportions (percentage) of mitochondria and lipids per cytoplasm, starch per chloroplast and plastoglobuli per chloroplast (excluding starch) (for methods, see, Kivimäenpää et al. (2003) ). Instead of number, proportion of mitochondria is reported, because individual cross-sections can be from the same, long, branched and folded organelle. The amount of chloroplast vesicles, also known as peripheral reticulum, was determined from the stroma between thylakoids and the envelope. A line of known length was laid over the stroma, and the number of vesicle membranes crossing the line was counted. The unit was number µm −1 . Thickness of the cell walls was measured from several points at ~2-µm intervals. The measurements were done from cell walls facing the intercellular space to minimize the vast variation in the cell wall thickness of a single spruce mesophyll cell. All the image analyses were done using the tools of ImageJ1.43u.
The occurrence (1) or absence (0) of dividing chloroplasts (Jokela et al. 1998 ) and calcium oxalate crystals (Fink 1991a (Fink , 1991b in the epidermis and different parts of the mesophyll were scored. Hardening status of the cells was evaluated as done by Jönsson et al. (2001) . Cells were divided into three classes: in Class 1 lens-shaped chloroplasts were lining the cell wall in one layer typical of summer; in Class 2 chloroplasts had started to group and their shape was altered; and in Class 3 chloroplasts were gathered together tightly lining each other representing fully hardened cells. The average of class values was the needle hardiness index. Hardening analyses were done from the two TEM images per needle in August and September, and in December from three randomly selected cells from LM images with highest magnification taken from the abaxial side of the needle. It was not possible to analyse needle hardiness index in December from damaged cells. Staining of plastoglobuli was recorded as follows: 1, black; 2, grey or close to the colour of the stroma; 3, white.
Metabolite analysis
Samples for needle metabolite analysis were collected on 21 September from the same seedlings, but adjacent shoots, as used for microscopy. Methods and metabolite profiles in the treatments have been published by Riikonen et al. (2012) . Relative individual compound contents were calculated as peak heights per 1 g of dry weight of a needle sample. Here, analysis of variance (ANOVA)-tested results of total saturated and unsaturated fatty acids and α-tocopherol that can be linked to the structure of cytoplasm and chloroplasts are reported.
Scoring of visible damage
Visible damage of the seedlings (n = 18-19 per subplot) was classified on 12 April 2010 after the wintering period as follows: 1, healthy-looking, green seedlings; 2, slight damage, previous years lammas growth brown (present in all the treatments), otherwise green; 3, damage, brown or red needles also in other than lammas shoots; 4, severe damage, over 90% of the needles brown or red. The condition of the seedlings was further followed during the growing season in 2010.
Statistics
All the values were calculated as a mean per subplot (and cell location in quantitative TEM) per month. Treatment effects in each month were tested by linear mixed model ANOVA. Significance level P < 0.05 was regarded as statistically significant, and P < 0.1 as marginally significant. Main effects and interactions of temperature and ozone (and cell location in TEM) were regarded as fixed factors, and plot as a random factor. Data from cell wall thickness from August and September were aggregated, as was the needle area from all 3 months, since these parameters were not expected to change in fully matured needles. When necessary, data were transformed as follows, ( ) ( ) x x + +1 (Zar 1999) , to meet the assumptions (normality of the data and residuals) of linear mixed model ANOVA. Data are shown untransformed. In case the transformations did not help, differences between AOAT, AOET, EOAT and EOET were tested by the Kruskal-Wallis test. The difference in the proportion of visible damage between the seedlings from AOET and EOET was tested by the t-test for independent samples. Seedlings from AT subplots were all healthy looking and not included in the analysis. All the analyses were done by SPSS 17.0 for Windows.
Results

Needle anatomy and metabolites
Needle area, averaged over three sampling times (Table 1) , and thickness of the mesophyll cell walls (Table 2) , averaged over August and September, were not significantly affected by the treatments. However, cell walls were thinner in outer cells (Table 2) .
Elevated temperature increased the relative content of α-tocopherol and fatty acids in September (Figure 3 ). The increase was more marked in unsaturated than saturated fatty acids.
Mesophyll cell and organelle structure in August and September
Elevated temperature altered the appearance of tannins (Figure 4 ) in both months (Table 1) . Tannin in the form of numerous globules (Tannin 6) increased, while tannin types filling the whole vacuole in lightly stained, even form (Tannin 1) and in granular form (Tannin 2) decreased in August. In September, ET reduced the cells with tannin in a few large globules (Tannin 8) and tannins intensively filling the whole vacuole (Tannin 3) and increased those in small, sparse granules (Tannin 5). Elevated ozone did not affect the tannin appearance in August, but tended to increase the Tannin 6 type in September (Table 1) .
In September, cytoplasm in the majority of cells was light and healthy looking (Table 1, Figure 4b ). Elevated ozone tended to decrease the proportion of such cells and increase those with dark cytoplasm (Figure 4c ). Damaged cells (black cytoplasm, degenerating or collapsed cells) were not noted (data not shown). Small cytoplasmic vacuoles were located between the chloroplasts and the central vacuole or around the nucleus (Figure 4b ) but were not affected by the treatments.
Elevated temperature increased the cytoplasmic lipids (Figures 4b and 5a , b) both in August and in September (Tables 1 and 2 ). The smallest lipid globules were close to the plasma membrane and the largest ones were close to the tonoplast (Figure 5b ). The proportion of lipids was notably increased from August to September (Table 1) and lipids also covered a greater area of cytoplasm (Table 2) .
Elevated temperature reduced the chloroplast size, but increased their number per cytoplasm area in both months (Table 2) . Elevated temperature also increased the proportion of plastoglobuli (Figure 5a ) per chloroplast area (Table 2) , which was due to changes in plastoglobuli number since there were no evident changes in plastoglobuli size (data not shown). The median value for plastoglobuli staining was 2 (grey or electron translucent, Figure 5c ) in August and 1 (black, Figure 5a ) in September, but no treatment effects were noted (data not shown). Elevated ozone did not affect chloroplasts in August, but reduced the amount of plastoglobuli in the inner cells (Table 2) in September. Elevated ozone also enhanced an ET-induced reduction in the proportion of starch in the chloroplasts in September (Table 2 ). In general, there was less starch and more plastoglobuli in September than in August (Table 2 ; Figures 4a, b and 5a, c) . Stroma vesicles ( Figure 5a ) were common but their density was not affected by the treatments (data not shown). On average, 22% of the Impact of ozone and warming on spruce needle structure 393 cells studied had dividing chloroplasts (Table 3) in August, and 10% in September.
In August the needle hardiness class varied between 1 and 2 (Table 3) , showing no significant treatment effect. In September the class varied from 1 to 3 and was lowest in the EOAT, treatment effect being statistically significant ( Table 3) .
Peroxisomes ( Figure 5a ) were not significantly affected by the treatments in August. In September, ET increased the number of peroxisomes especially in the outer cell layers and in AOET plots (Table 2) . Elevated ozone reduced the peroxisome number, but only in inner cells. Peroxisomes were also slightly smaller in ET. Elevated ozone decreased the size of mitochondria ( Figure 5a , Table 2) in August while ET decreased the size (−20%) and proportion (−19%) of mitochondria per cytoplasm in September (Table 2) .
Calcium oxalate crystals (Figure 5a and c) were noted in the hypodermis and epidermis of all samples, in the intercellular space of 28% of the samples and in the cell walls of 34% of the samples. The crystals typically were smaller in the cell walls than in the intercellular space. There were no obvious treatment effects (Table 3) . Calcium oxalate crystals were not noted in the mesophyll cytoplasm or vacuole in any of the samples.
Irrespective of the treatment, outer cells had more starch, plastoglobuli and lipids as well as a higher proportion and size of mitochondria than inner cells (Table 2) .
Mesophyll cell structure in December
The condition of the cytoplasm and cells of EOET differed from the other treatments in December by having highest proportions of degenerating and collapsed cells, cells with dark or black cytoplasm (Figure 4e and f) and consequently the lowest proportion of cells with light cytoplasm (Table 4 ). This treatment also had the highest proportion of tannins as an irregular lump in the centre of the vacuole (Tannin 9, Figure 4e and f) and the lowest proportion of cells with type Tannin 4. These cellular damages were equally localized in the inner or outer mesophyll. Elevated temperature in both ozone treatments affected the tannin appearance. It increased the proportion of cells with smaller globules separate (Tannin 6) or partly agglomerated (Tannin 7), but decreased those where tannin filled the whole vacuole (Tannins 1, 2 and 3) (Table 4) . Tannin 3 was marginally significantly decreased and Type Tannin 7 increased by EO (Table 4) .
Chloroplasts were tightly grouped (Figure 4d ) in most of the healthy-looking mesophyll cells, and the majority of the cells scored 3 for needle hardiness index in all the treatments (Table 3) . However, the result better represents AT treatments, since it was not possible to analyse hardening index from damaged cells, which were increased in ET and particularly EOET treatments. Elevated temperature increased vacuolization of the cytoplasm (Table 4 ), but the vacuoles were notably larger compared with September ( Figure 4b , e and f). Because of the higher proportion of degenerating and collapsed cells with no lipid accumulations in EOET, the temperature effect on the proportion of lipids was not significant. On the other hand, EO significantly reduced the amount of lipids (Table 4) .
Condition of the seedlings in spring and summer
In April 2010, all AT seedlings were green and healthy looking, but over 70% of the ET seedlings showed browning of the needles (see Figure S2 available as Supplementary Data at Tree Physiology Online, Table 5 ). Between ET treatments, EO further increased the damage (Table 5) . Seedling monitoring during the following growing season showed that all the seedlings coded as 'slightly damaged' finally survived, and some of those coded as 'damaged' survived by growing shoots from axillary buds and some died (data not shown). All the 'severely damaged' seedlings eventually died.
Discussion
Seasonal changes in cell structure and activity
Impacts of elevated temperature and elevated ozone were studied at the phase of the year when winter hardening took place. August and September in 2009 were sunny and warm, and seedlings were physiologically active as indicated by the presence of starch grains and active photosynthesis , although winter hardening had already started, as values for needle hardiness index classes between 1 and 2 indicate. Numerous chloroplast vesicles suggest active lipid or protein transport between thylakoids and the envelope Sandelius 2004, Khan et al. 2013) . Smaller starch grains and increased cytoplasmic lipids in September indicate more advanced winter hardening in September than in August (Soikkeli 1978) . Small cytoplasmic vacuoles similar to those noted here have earlier been described in Norway spruce (Kivimäenpää et al. 2003) and Diapensia lapponica (Pihakaski et al. 1987 ) and may be typical of evergreen leaves during winter hardening. In December, most of the healthy-looking cells were fully hardened in terms of needle hardiness index (value close to 3). 
Elevated temperature increased oxidative stress and altered carbon allocation to defence
Until the last microscopy sampling in December, IR heaters increased ambient air temperature by 1.3 °C, which represents the situation in the middle of this century in northern Europe, based on the modest climate warming scenarios (IPCC 2013) . Between January and April, the IR heaters kept the plots free of snow for most of the time, which is in line with climate change prognosis predicting shorter snow-covered periods and decline of snow cover in Finland (Jylhä et al. 2009 ). Air and 398 Kivimäenpää et al. soil temperatures of the IR plots occasionally dropped below ambient temperatures during the coldest periods due to the absence of the insulating effect of snow cover, and fluctuated more than in ambient temperature plots. Thus, different kinds of temperature stresses may have affected seedlings sampled for microscopy and those scored for visible injuries after winter (see below).
Leaf anatomy and ultrastructure affect mesophyll conductance, i.e., CO 2 diffusion from stomatal cavities to chloroplasts, and thus photosynthesis (Flexas et al. 2012) . Thickness of the cell wall is likely the key structural characteristic affecting mesophyll conductance in xeromorphic spruce needles (cf. Tomás et al. 2013) . Cell wall thickness was not affected and did not thus explain reductions in photosynthesis by elevated temperature here , Kivimäenpää et al. 2013 ). Other anatomical parameters measured, intercellular space and needle cross-section area, were also not affected after one growing season. However, changes in spruce needle anatomy could be expected in long experiments where buds are formed under elevated ozone and elevated temperature.
The increase in chloroplast number has been connected to the increase in net photosynthesis in tobacco (Nicotiana sylvestris) by CO 2 (Wang et al. 2004 ) and in silver birch by warming (Hartikainen et al. 2012 , K. Hartikainen, M. Kivimäenpää, Impact of ozone and warming on spruce needle structure 399 Table 3 . Needle hardiness index, dividing chloroplasts and calcium oxalate crystals (CaOx) in mesophyll tissue of current-year needles of Norway spruce seedlings exposed to elevated ozone and elevated temperature. Needle hardiness index is given as a mean (SE) of four plots. Occurrence of other parameters is summarized as follows: 1, <25%; 2, ≥25-50%; 3, ≥50-75%; 4, ≥75% of the cells (min, max). Tannin 1 5.7 (1.7) 0.9 (0.9) 9.8 (5.8) <0.5 (<0.5) Tr: 0.052 Tannin 2 20.6 (6.9) 2.3 (0.9) 14.1 (3.6) 1.3 (1.3) T: 0.001 Tannin 3 33.6 (9.5) 7.8 (4.4) 17.4 (5.7) <0.5 (<0.5) O: 0.070, T: 0.001 Tannin 4 13.3 (4.5) 25.7 (2.6) 26.0 (2.9) 3.7 (2.7) T:0.044, O × T: <0.001 Tannin 5 5.0 (2.7) 12.5 (5.2) 3.9 (2.6) 5.9 (3.8) Tannin 6 3.9 (2.3) 38.1 (3.9) 13.1 (8.0) 42.1 (6.5) T: <0.001 Tannin AO, ambient ozone; EO, elevated ozone; AT, ambient temperature; ET, elevated temperature. A. -M. Nerg, M. Mäenpää, E. Oksanen, M. Rousi, T. Holopainen, unpublished) . Here, ET also increased the chloroplast number but net photosynthesis was decreased . Increased chloroplast division could be a way of increasing the chloroplast number and compensating the reduced photosynthesis, but no clear warming effect on division was found.
The main reason for the reduced net photosynthesis was most likely the closure of stomata under the IR heaters , but the observed smaller size of chloroplasts may also contribute to the reduced photosynthesis in warming treatments.
Reductions of size and proportion of mitochondria in September are potential signs of decreased dark respiration by elevated temperature. Here decreases in mitochondrion size (−20%) and proportion (−19%) were comparable to reduction in dark respiration (−14%) measured from the same seedlings in September . Wang et al. (2004) also reported concomitant changes in mitochondrion number (+130%) and dark respiration (+36%) in CO 2 -exposed leaves of tobacco although the magnitude of the change was different.
Reduced starch grains due to warming in September were likely due to reduced net photosynthesis . In contrast to starch, longer-term energy reserves, lipids, increased. In line with us, Sallas et al. (2003) reported that cytoplasmic lipid bodies increased in needles of Norway spruce seedlings exposed to +4 °C temperature elevation. Accumulation of cytoplasmic lipid aggregates is typical of many abiotic stresses in conifers (Holopainen et al. 1992) and coincides with cellular disruption in the polluted sites (Anttonen 1992) . Here, ET did not increase cellular damage in August or September when an increase in cytoplasmic lipids was noted. Thus, the increase of lipids is more likely related to the accumulation of storage lipids by temperature elevation rather than to damage. The increased proportion of unsaturated fatty acids has been linked to increased fluidity of cell membranes crucial for good cold tolerance (Levitt 1980) , but increase of unsaturated fatty acids in this study could solely reflect the accumulation of storage lipids. It is also possible that lipid globules of different sizes, shapes and cellular positions have different compositions and functions as lipid stores. While small spherical globules close to the plasma membrane (Soikkeli 1978) are regarded as long-term lipid storage for over-wintering needles, the larger accumulations noted here closer to the tonoplast may be reserves for faster use, as they decrease during the day . However, the exact composition of lipid bodies of conifers is not yet known. Storage lipid bodies contain triacylglycerides, but lipid globules of evergreen Pilosella officinarium (Karunen et al. 1984) and Ilex aquifolium (Niemann and Baas 1985) leaves contain fatty acid esters of triterpenoid alcohols and those of Triticum aestivum (Murphy and Parker 1984) contain sterol esters.
The results of mitochondria, peroxisomes, tannins and plastoglobuli suggest that elevated temperature increased oxidative stress and altered carbon allocation to different defence processes. Reduced mitochondria may indicate lower respiratory energy for repair and maintenance, and increased peroxisome size and number increased enzymatic (e.g., catalase, peroxidases) defence processes. Peroxisomes have been shown to proliferate by various stresses (del Río et al. 2006), and Lopez-Huertas et al. (2000) suggest that peroxisome proliferation by H 2 O 2 is a common mechanism to protect against oxidative stress. Elevated temperature also increased organic acids and amino acids, involved, e.g., in tolerance to oxidative stress, in the seedlings studied here .
Tannins are non-enzymatic defence compounds against abiotic and biotic stresses (Treutter 2006) , and condensed tannins are typical of gymnosperms (Kraus et al. 2003) . In microscopy, vacuolar leaf phenolics, most likely tannins (Jensen 1962) , show different appearances in response to the environment (Bussotti et al. 1998 , Kivimäenpää et al. 2010 . Tannin types filling the whole vacuole, sparse or densely stained, were more common in ambient temperature samples, while tannins as globules of different sizes were more common in ET in all three sampling times. It is possible that these differences in tannin types reflect the changes in their amount. Densely stained tannin filling the whole vacuole has been regarded as a sign of accumulated phenolics (Zobel and Nighswander 1990) . Elevated temperature has previously been reported to reduce the concentrations of condensed tannins of Scots pine (Pinus sylvestris) (Räisänen et al. 2008) . Here, ET reduced needle phenolics (including precursors of the tannins) of the same seedlings in September . Virjamo et al. (2014) also reported reduced concentrations of tannin precursors in spruce seedlings by elevated temperature, but the total amount of condensed tannins was unaffected.
Plastoglobuli contain, e.g., triacylglycerides and antioxidative compounds, carotenoids and α-tocopherol (Bréhélin et al. 2007) , and their numbers increase as a response to oxidative stress (Eugeni Piller et al. 2012 ). Carotenoids were not affected in August (Kivimäenpää et al. 2013 ) but α-tocopherol was increased by ET in September. An overall increase in lipids (fatty acids) may also be linked to the observed increase in plastoglobuli due to warming. Increases in plastoglobuli size or number have been regarded as signs of senescence in broadleaved species (Günthardt-Goerg and Vollenweider 2007). However, senescence is not a likely process in current-year spruce needles that remain in situ for several growing seasons even in seedlings (at least four seasons in this study).
Effects of ozone became evident at the end of the growing season
Ozone exposure of the seedlings remained low in all treatments, as ozone concentrations in general were low in Europe in 2009 (Hjellbrekke et al. 2011) . In fact, ozone concentrations and AOT40 of the elevated treatment were similar to those in many other years in Finland (The European Monitoring and Evaluation Programme. EMEP. www.emep.int). As a result, typical ozone-induced changes in the chloroplast, such as decreased size (Kivimäenpää et al. 2005) , were not noted in 2009. The only quantitative change noted in August was the decrease in the size of mitochondria, which was also reported in Norway spruce saplings exposed to 1.5× ambient ozone in open-top chambers (Kivimäenpää et al. 2003) , but the reason for the change is not known.
The effects of ozone became more evident in September and December, suggesting an impact of accumulated ozone dose and that seedlings were more vulnerable to ozone at the later phases of winter hardening. Ozone did not affect the net photosynthesis ) and growth of the seedlings (Kivimäenpää et al. 2013 ) used here, but decreased starch (when combined with ET) and lipids, which can indicate that photosynthetic storage products were allocated to defence and repair. Similar to warming, ozone tended to increase globular tannins instead of those filling the whole vacuole, possibly linked to the lower concentrations of antioxidative tannins (see above). High amounts of cells with globular tannins at the end of the growing season can be regarded as an early warning of damage under unfavourable environmental conditions, since globular tannins have been connected to cellular damage in the field with spruce (Soikkeli and Tuovinen 1979) and pine (Reinikainen and Huttunen 1989) .
The number of plastoglobuli and peroxisomes, both with antioxidative properties (del Río et al. 2006 , Bréhélin et al. 2007 , remained high in the outer cells of the needles of ozone-exposed seedlings but decreased in the inner cells. This may indicate that resources for defence were limited and allocated to the outer cells experiencing more ozone-induced oxidative stress due to the proximity of stomata and interaction with light (Kivimäenpää et al. 2005) . Increased stress and need for protection in the outer cells was further emphasized by higher proportions of starch, lipids and mitochondria observed in all the treatments (Kivimäenpää et al. 2003, Kivimäenpää and Sutinen 2007) .
Membranes are sensitive to ozone-generated reactive compounds (Schraudner et al. 1997) . Therefore, darkened cytoplasm in September may indicate damage in the plasma membrane or tonoplast (Miyake et al. 1989 . However, damage in September remained modest since no severe cell damage was noted and calcium oxalate crystals were not found inside the cells (Fink 1991a) . In general, distribution of calcium oxalate crystals in the apoplast in this study is typical of healthy, young and mature Norway spruce (Fink 1991b) . Our result showing that ozone reduced needle hardiness index, but that the effect was not as clear when combined with elevated temperature, is in line with freezing tolerance determined as LT 50 measured from the same seedlings . A similar relationship between spruce needle hardiness index and frost sensitivity of bark was reported by Jönsson et al. (2001) .
In agreement with our needle hardiness index, Anttonen and Kärenlampi (1996) reported that chloroplasts of Scots pine seedlings exposed to slightly elevated ozone concentrations in summer were located more scattered while chloroplasts from controls were gathered to cell corners in November. In general, the study supports the earlier observations that elevated ozone disturbs cold hardening of conifers (Barnes and Davison 1988 , Lucas et al. 1988 , Edwards et al. 1990 , Anttonen and Kärenlampi 1996 .
Ozone enhanced cellular and visible damage caused by elevated temperature
Measurements in September suggested that decreased stomatal conductance by elevated temperature could reduce the uptake of ozone and thus protect seedlings from ozone stress . However, elevated temperature proved to be a stress factor capable of causing severe cellular damage in early winter and visible needle damage in the following spring. Even if ozone alone did not cause injuries, it enhanced those caused by elevated temperature, which point to seedlings' reduced ability to cope with multiple environmental stresses. Decreased starch in September was the earliest ultrastructural sign of ozone's potential to enhance the negative effects of temperature. Despite the fact that the cellular damage noted here is not stress specific, increased vacuolization (Anttonen and Kärenlampi 1996) , degeneration and collapse of the cells (Fincher et al. 1989 ), condensation of cytoplasm and similar tannin alterations as here (Soikkeli and Tuovinen 1979) have been reported after freezing temperatures in green needles of conifers growing in industrial areas, or under, e.g., ozone stress. It is possible that oxidative stress of warming and ozone treatments have made needles more sensitive to first freezing temperatures. In the case of ozone, this is supported by reduced winter hardiness index and LT 50 in September.
A direct link between the cellular damage in winter and visible injuries in spring cannot be established, since the effect of ET treatment likely was different in December and in spring. Infrared heaters kept seedlings and soil free of snow for most of the time in winter after December, and caused air and soil temperatures to drop below ambient treatment and fluctuate more. These conditions may have caused freezing and thawing of clay-rich soil injuring the roots, as well as winter desiccation resulting in the visible injuries. The physical factors, however, do not explain why visible injuries were more intensive in the presence of elevated ozone. Thus, part of the visible needle injuries has a physiological explanation, and decreased winter hardiness by ozone may have contributed.
Conclusions
Changes in needle cell structure suggest that modest air temperature elevation increases the oxidative stress of spruce Impact of ozone and warming on spruce needle structure 401 seedlings, and is enhanced by low ozone elevation. Even though elevated temperature did not influence winter hardiness of the needles, warming can indirectly reduce survival of the seedlings. Future climatic conditions where snow cover is formed later or is lacking, but temperatures are low, can increase the risk of severe seedling damage, and current and future predicted ozone concentrations increase this risk.
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